Abstract. Recently, the shift of the kaonic helium-4 2p state was precisely determined by the E570 and SIDDHARTA experiments. Prior to the experiment by E570, the average of three earlier experimental results showed −43 ± 8 eV, while most of the theoretical calculations give ∼ 0 eV. This five-sigma discrepancy between theory and experiment was known as the "kaonic helium puzzle". A recent theoretical model showed a possible resonance-like shift of maximum 10 eV for a certain value of a deep antikaon-nucleon interaction potential, which is different in helium 3 and helium 4.
INTRODUCTION
Studies of hadronic atoms (electromagnetically bound systems in which a heavier negatively charged particle such as a pion or kaon replaces an electron) have provided important information on strong interaction (hadron) physics. The purely electromagnetic energy levels of the bound system can be calculated with high accuracy using QED, thus even small deviations (shifts) from this purely electromagnetic value can be determined with high precision. The determination of the shift (and width) of the kaonic atom X-rays from systems with atomic numbers Z = 1 and 2 have been under intense study in recent experiments: at LNF in Italy and at KEK/J-PARC in Japan. In this paper a recent status of the experiments of kaonic helium-3 and helium-4 X-ray spectroscopy will be reviewed.
Kaonic atom X-ray data have been taken more than 30 years, and are used for studies of the low-energyKN interaction. The kaonic atom data can be well fitted using optical models, and they are systematically understood. Usually the data of Z ≥ 3 are used for the optical models, but an expected shift on the kaonic helium 2p state extracted from other kaonic atom data is about 0 eV (−0.13 ± 0.02 eV [1] , −0.14 ± 0.02 eV [1] , −0.4 eV [2] , −1.5 eV [3] ), although the values are slightly different depending on the models used. A very interesting situation can be found in direct measurements of kaonic helium X-rays. Three measurements of the energy shift of the kaonic 4 He 2p state made in the 70's and 80's [4, 5, 6] gave consistent results with an average value of the shift of −43 ± 8 eV [6] , while the theoretical estimation from other atoms gives 0 eV. The difference of them is more than 5 standard deviations. This abnormal large shift determined by the kaonic helium X-ray measurements was known as the "kaonic helium puzzle." A non-zero shift of the kaonic helium 2p state was predicted, which is related to deeply bound kaonic nuclear systems [3] . Depending on a potential depth in the theory, a resonance-like shift of ±10 eV as largest can occur. In addition, this theory predicts resonant like shifts at a different potential depth for kaonic helium-3 and helium-4, which should be checked experimentally.
Further theoretical studies on the kaonic helium physics are needed, but also new experimental measurements of kaonic helium X-rays with much higher precision are also important. In particular, there is no data on kaonic helium-3. The goal of the new experiments is the determination of shift both of kaonic helium-3 and kaonic helium-4 with a precision of 2 eV to understand the strong-interaction of the kaonic helium systems.
KAONIC HELIUM-4 X-RAY MEASUREMENTS

The KEK PS E570 experiment
A new result of the shift of the kaonic helium 2p state was obtained by the PS E570 collaboration at KEK in Japan [7] . The measurement was carried out at the K5 beamline of the KEK 12-GeV proton synchrotron for two data taking periods in October and December 2005. The experimental apparatus was upgraded for this experiment from that of the former KEK PS E549 experiment by installing X-ray detectors as well as X-ray energy calibration foils. Kaonic 4 He atoms were produced with the stopped-K − reaction using a superfluid 4 He target (cylindrical shape 15 cm long and 20 cm in diameter at a density of 0.145 g/cm 3 ) [8] . Incident negatively-charged kaons with momentum of 650 MeV/c were degraded in carbon degraders, counted with beamline counters, tracked by a high-rate beamline drift chamber and stopped inside the 4 He target. The energy losses of kaons before stopping were measured in a set of scintillation counters. Kaonic atom X-rays were detected by eight x-ray detectors viewing the target from downstream through a 75 µm-thick Mylar window of the target cell. Secondary charged particles produced in the kaon-absorption process following emission of the kaonic X-rays were detected by charged-particle trigger/tracking systems placed on the left, right, top and bottom side of the target.
Eight Silicon Drift Detectors (SDDs) (effective area of 100 mm 2 and and a 260 µm-thick active layer) were used as X-ray detectors. The energy calibration was done by using Ti and Ni X-ray lines induced by π − 's, which abundantly existed in the incident kaon beam. High-statistics energy calibration spectra were obtained with self-triggered events, which were taken together with the stopped-K − triggered events.
After selecting X-ray events produced inside the target as well as calibrating the X-ray energy scale, the kaonic helium X-ray energy spectra were obtained with rejecting background events. Three transitions (3d → 2p, 4d → 2p and 5d → 2p) of kaonic helium-4 were clearly observed. An energy resolution of ∼ 190 eV (FWHM) at 6.4 keV, which corresponds to the kaonic-helium 3d → 2p X-ray energy was obtained. Figure 1 shows the X-ray spectra taken in the two data taking periods. In total about 1500 events of the 3d → 2p X-rays were measured.
A fit function of the X-ray peaks was carefully studied. Together with the response function of the SDDs as well as a pile-up effect, a Compton tail was also considered. An effect of Compton scattering in liquid helium is not negligible, which was evaluated by a simulation using the measured stopped-K − distribution. The energy of the kaonic 4 He 3d → 2p transition was determined to be 6467 ± 3 (stat) ± 2 (syst) eV, where the first error is statistical and the second is systematic. The systematic error consists of the uncertainty of the Compton-tail, pile-up, and response functions.
Together with the fit values of the other observed transitions (4d → 2p and 5d → 2p), the shift of the kaonic helium-4 2p state was obtained as
Our result excludes the large shift of -40 eV measured in the earlier experiments by improving 3 times higher statistics, 2 times better energy resolution, and 6 times better S/N ratio.
The SIDDHARTA experiment
The result obtained by the KEK-PS E570 group has a much smaller error than the average value of the earlier experimental results, but differs by more than three standard deviations, thus making an independent experimental verification necessary. A new measurement of the kaonic 4 He 3d → 2p X-ray transition was made as part of the performance test of the SIDDHARTA experiment at the DAΦNE φ factory of LNF in Frascati, Italy [9] . An advantage of this new measurement comes from the use of a gas target resulting in negligible Compton scattering in helium, which is one of the sources of systematic errors in the previous experiments. The availability of kaons with low energy and low momentum spread produced by φ decays in the DAΦNE collider results in efficient kaon stopping in this gas target.
The SIDDHARTA setup consists of three parts: a kaon detector, an X-ray detection system, and a cryogenic target system. This whole setup was installed at the e + e − interaction point of the DAΦNE collider. The target cell was filled with helium gas at a temperature of 27 K and a pressure of 0.95 bar (about 10.0 bar at normal temperature and pressure). An energy degrader, installed on the bottom of the vacuum chamber, was adjusted in thickness to optimize the maximum number of kaonic helium X-rays. It had a step-like shape to compensate the φ boost effect caused by a finite crossing angle of the electron and positron beams. The K + K − pairs produced by φ decay were detected by the kaon detector.
Kaonic helium X-rays were detected using recently-developed large area SDDs having an active area of 1 cm 2 and a thickness of 450 µm. After detailed performance tests, 144 SDD chips were installed surrounding the target cell at a temperature of 170 ± 0.5 K. X-ray signals in the SDDs were read out using a specially designed data acquisition system. Energy data of all the X-ray signals detected by the SDDs were recorded. In addition, time differences between the coincidence signals in the kaon detector and X-ray signals in the SDDs were recorded, whenever the coincidence signals occurred within a time window of 6 µs.
The energy shift of the kaonic helium X-ray line is expected to be much smaller than the detector resolution (typically 150 eV FWHM at 6 keV), so a precise energy calibration and knowledge of peak shape are crucial. Thus a 55 Fe source and a thin Ti foil in front of the source were installed in a place close to the target cell to monitor the stability of the SDD X-ray detection system. Using the Kα lines of Ti (4.5 keV) and Mn (5.9 keV), a dedicated stability check and energy calibration has been performed. The kaonic helium X-ray data were taken for about two weeks in January 2009. In this period, an integrated luminosity of 20 pb − 1 was collected, which corresponds to about 4.7 × 10 6 [4, 5, 6, 7, 9] . The average [1, 6] of the earlier experiments by [4, 5, 6 ] is indicated by the band.
kaons detected by the kaon detector. Data of 60 SDDs were selected out of the 144 SDDs installed, based on energy resolution, peak shape and stability of the Ti and Mn lines. The energy and time resolution of the SDDs was found to be 151 ± 2 eV (FWHM) at 6.4 keV, and 690 ns (FWHM), respectively. Fig. 2(a) shows the X-ray energy spectrum selected by the kaon timing. The calibration Ti and Mn X-ray peaks are still seen, due to accidental coincidences. A large enhancement at energies above the Mn Kβ peak (about 6.4 keV) is due to the existence of the kaonic helium Lα line. The X-ray energy of the kaonic helium Lα (3d → 2p transition) line was determined to be E = 6463.6 ± 5.8 eV, where the second term is the statistical error. The natural width was found to be below the measurement limit within our statistics. The total systematic error is estimated to be ±2 eV. The shift of the kaonic helium 2p state was obtained as:
where the second term denoted as (stat) is the statistical error and the third term denoted as (syst) is the systematic error. Fig. 2(b) shows the shift of the kaonic helium 2p state in all the experiments. The resultant shift of 0 eV by the SIDDHARTA group confirms the result by the E570 group [7] . Prior to the experiment by the E570 group, the average of the three previous results was ∆E = −43 ± 8 eV [6] , while most of the theoretical calculations give ∼ 0 eV [1, 2] This five-sigma discrepancy between theory and experiment was known as the "kaonic helium puzzle". A resolution of this longstanding puzzle provided by the E570 group is now firmly established.
KAONIC HELIUM-3 X-RAY MEASUREMENTS
A new experiment of kaonic helium-3 X-ray measurements was proposed by the J-PARC E17 collaborators, which is one of the first experiments performed in the J-PARC hadron facility [10] . The goal of the E17 experiment is the determination of the shift and width of the kaonic helium-3 2p state with a precision better than 2 eV.
The E17 experimental setup and technique are similar to those used in the E570 experiment [11, 12] . Incident kaons with momentum of 0.75 GeV/c from the K1.8 BR beamline are degraded in carbon degraders, counted with beamline counters, and tracked by a high-rate beamline drift chamber. Secondary charged particles produced in the kaon absorption process are detected by the cylindrical detector system to reduce background events. In the E17 experiment, there are some improvements compared to the E570 setup. The 3 He target cell is made of 0.3 mm-thick beryllium instead of commonly used Kapton or Mylar. Due to a smaller size of the target cell compared to that used in E570, the Compton tail of the kaonic X-ray peaks is reduced, which could provide a smaller systematic error in the determination of the kaonic X-ray energy. In addition, the kaonic helium 3d → 2p line will be measured without contaminating other kaonic atom X-ray lines (e.g. kaonic oxygen lines), because the energy of kaonic beryllium X-ray lines is well known. The kaonic 3 He X-rays are detected by SDDs viewing the target cell. The SDDs are installed closer to the target cell and the pre-amplifiers are installed inside the vacuum chamber. Due to the shorter distance between the SDDs and pre-amplifiers, a reduction of noise and a improvement of the X-ray energy resolution are expected. The construction and test measurements of the setup apparatus have been progressed, as well as the kaon beamline tuning. The E17 experiment will start to take the kaonic 3 He data in 2010.
SUMMARY
There was a long-standing problem in the shift on the kaonic helium 2p state between experiment and theory [1] . A possible non-zero shift was predicted in a theory, which also predicts a different shift between kaonic 3 He and 4 He [3] . High precision measurements both of the kaonic helium-3 and helium-4 X-ray lines can provide information on the strong-interaction of the kaonic helium systems.
Recently, the energy shift of the kaonic 4 He 3d → 2p line was measured by the E570 and SIDDHARTA experiments with improving precision. The E570 experiment determined the shift of the kaonic helium-4 2p state as +2 ± 2 (stat) ± 2 (sys) eV in 2007. The SIDDHARTA experiment determined the shift as 0 ± 6 (stat) ± 2 (sys) eV in 2009. The resultant shift of 0 eV by SIDDHARTA confirms the result of the E570 group [7] . Prior to the experiment by the E570 group, the average of the three previous results was ∆E = −43 ± 8 eV [6] , while most of the theoretical calculations give ∼ 0 eV [1, 2] This five-sigma discrepancy between theory and experiment was known as the "kaonic helium puzzle". A resolution of this long-standing puzzle provided by the E570 group is now firmly established. To understand the kaonic helium systems better, the shift on the kaonic 3 He 2p state will be determined with two experiments by the J-PARC E17 and SIDDHARTA groups.
